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ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) is an impor-
tant emerging pathogen that was first described in 2012. While the cell surface re-
ceptor for MERS-CoV has been identified as dipeptidyl peptidase 4 (DPP4), the
mouse DPP4 homologue does not allow virus entry into cells. Therefore, develop-
ment of mouse models of MERS-CoV has been hampered by the fact that MERS-CoV
does not replicate in commonly available mouse strains. We have previously de-
scribed a mouse model in which mDPP4 was replaced with hDPP4 such that hDPP4
is expressed under the endogenous mDPP4 promoter. In this study, we used this
mouse model to analyze the host response to MERS-CoV infection using immuno-
logical assays and transcriptome analysis. Depletion of CD4" T cells, CD8" T cells, or
macrophages has no effect on MERS-CoV replication in the lungs of infected mice.
However, we found that depletion of CD8* T cells protects and depletion of macro-
phages exacerbates MERS-CoV-induced pathology and clinical symptoms of disease.
Overall, we demonstrate an important role for the inflammatory response in regulat-
ing MERS-CoV pathogenesis in vivo.

IMPORTANCE The Middle East respiratory syndrome coronavirus (MERS-CoV) is a
highly pathogenic respiratory virus that emerged from zoonotic sources in 2012. Hu-
man infections are still occurring throughout Saudi Arabia at a 38% case fatality rate,
with the potential for worldwide spread via air travel. In this work, we identify the
host response to the virus and identify inflammatory pathways and cell populations
that are critical for protection from severe lung disease. By understanding the im-
mune response to MERS-CoV we can develop targeted therapies to inhibit patho-
genesis in the future.

KEYWORDS MERS-CoV, DPP4, mouse model, pathogenesis, MERS, coronavirus,
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iddle East respiratory syndrome coronavirus (MERS-CoV) was first reported in the
Kingdom of Saudi Arabia (KSA) in 2012 (1). As of 30 June 2016, there have been
1,769 confirmed MERS-CoV cases, with 630 deaths, a case fatality rate of around 36%.
While the majority of MERS-CoV cases have been reported in the Middle East, a total of
27 countries have reported MERS-CoV cases. Outside the Middle East, MERS-CoV cases
have involved mostly people who have traveled to the Middle East, including a recent
outbreak in The Republic of Korea (2, 3), where a traveler returned to Seoul and initiated
significant local human-to-human transmission.
In vitro analysis of MERS-CoV and immune cells has suggested that MERS-CoV
interacts with and infects T cells and macrophages. The receptor for MERS-CoV was
identified as dipeptidyl peptidase 4 (DPP4) (4). T cells express DPP4, and DPP4 activity
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is upregulated upon T cell activation (reviewed in reference 5). MERS-CoV is able to
infect both CD4™ and CD8™ primary human T cells and, upon infection, induces T cell
apoptosis in vitro (6). Interestingly, MERS-CoV RNA was detectable in splenic T cells in
MERS-CoV-infected marmosets (6), suggesting that MERS-CoV infection of T cells may
lead to the establishment of systemic viremia. Monocyte-derived macrophages express
DPP4 (7) and can be infected by MERS-CoV in vitro, though whether MERS-CoV can
productively replicate in macrophages is currently debated (7, 8). In vitro infection of
human macrophages with MERS-CoV caused upregulation of cytokines and chemo-
kines (7, 8). Zhou et al. showed significant infection-associated upregulation of tumor
necrosis factor alpha (TNF-a), interleukin-6 (IL-6), gamma interferon (IFN-vy), CXCL10,
CCL2, CCL3, CCL5, IL-8, and IL-12 and no upregulation of IFN-B (8), whereas Tynell et al.
showed significant upregulation of IFN-B, IFN-A1, CXCL10, and MxA and no upregula-
tion of TNF-« expression (7). In both studies, there was a significant MERS-CoV-induced
upregulation of CXCL10 expression in infected macrophages (7, 8), and CXCL10 is an
IFN-y-inducible T cell chemokine involved in CD4* recruitment and polarization to the
Th1 and, possibly, Th17 subtypes (reviewed in reference 9).

There are few data on the pathological result of MERS-CoV infection in humans.
However, the first, and so far only, autopsy of a fatal case of MERS-CoV infection has
been recently published (10). Histopathology of the autopsied lungs revealed MERS-
CoV replication in type Il pneumocytes, with signs of pulmonary edema, diffuse alveolar
damage with hyaline membrane formation, and thickening of the alveolar septa
associated with a mixed lymphocyte infiltration (10). The authors did not find evidence
of MERS-CoV replication in any extrapulmonary site, including the kidney or brain, and
speculated that the kidney failure observed in this case was from general organ failure
due to infection, for example, as a result of hypoperfusion or cytokine dysregulation
(10).

MERS-CoV infection of rhesus macaques (11-13) or common marmosets (14) results
in MERS-CoV replication and some signs of clinical disease, though neither recapitulates
the severe disease seen in humans. Others have shown conflicting results for MERS-
CoV-induced disease in marmosets (15). In addition, use of large nonhuman primates
is expensive and not practical for large-scale screening of interventions in vivo. There-
fore, development of a small-animal model for MERS-CoV is an important tool for
studying the pathogenesis of MERS-CoV and to test and validate therapeutic strategies
in vivo.

MERS-CoV is the second highly pathogenic coronavirus to emerge; the first was
severe acute respiratory syndrome coronavirus (SARS-CoV). The human SARS-CoV strain
SARS-CoV(Urbani) replicates efficiently in the lungs of wild-type BALB/c mice (16);
therefore, a mouse model of SARS-CoV was developed by successful adaptation of
SARS-CoV(Urbani) to mice by multiple passages (17). However, MERS-CoV is unable to
replicate in the lungs of wild-type, or innately immune-deficient, commonly available
mouse strains, limiting the possibility that in vivo virus passage could produce a
mouse-adapted MERS-CoV strain (18). Mouse DPP4 (mDPP4) is not a functional receptor
for MERS-CoV (19, 20) due to glycosylation of key amino acid residues in mDPP4 that
inhibit binding of MERS-CoV spike (S) protein (21). To address this, attempts have been
made to express human DPP4 (hDPP4) in mice, thereby making them susceptible to
MERS-CoV entry. One such model involves the transduction of mouse lungs with an
adenovirus expressing hDPP4 (Ad/hDPP4) (22). In mice transduced with Ad/hDPP4,
MERS-CoV replicates efficiently and there are signs of lung inflammation by histology
(22). This model was used to show that the type | interferon response, CD8* T cells, and
neutralizing antibodies are required for efficient clearance of MERS-CoV (22). However,
there are no visible signs of clinical disease, such as weight loss, and infection with this
adenovirus does not result in stable expression of hDPP4 in the lungs of mice, with
susceptibility to MERS-CoV diminishing at 22 days following adenovirus infection (22).

Others have generated transgenic mice expressing hDPP4 under a combined cyto-
megalovirus (CMV)/immediate early enhancer and the chicken B-actin promoter. In this
mouse model, hDPP4 is expressed in almost every organ of the body (23), which does
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not accurately reproduce the authentic tissue-specific distribution and level of expres-
sion of endogenously expressed mDPP4 (reviewed in reference 24). Accordingly, this
model is characterized by robust MERS-CoV replication and rapid lethal disease char-
acterized by inflammation in the lung and brain (23, 25). However, significant brain
pathology has not been observed in MERS-CoV infection in humans (10).

Finally, a recent study has demonstrated that mice transgenic for hDPP4 under the
epithelial-cell-specific promoters also support widespread MERS-CoV infection resulting
in significant damage in the lungs and brain of infected mice (26). Although this model
is improved relative to previously reported mouse models by limiting hDPP4 expression
to epithelial cells, this is not coincident with the levels of expression and cell types in
which endogenous mDPP4 is found.

All three models of MERS-CoV infection in mice (22, 25, 26) have robust replication
of MERS-CoV and, as such, have utility as a vehicle for testing of novel therapeutics or
vaccines that inhibit MERS-CoV replication (25, 26). However, they provide limited
information about the natural pathogenesis of MERS-CoV infection in vivo (25).

We have recently shown that a humanized knock-in mouse expressing hDPP4 in
place of mDPP4 has detectable MERS-CoV replication with histological signs of MERS
disease, and we used it to test the efficacy of a novel MERS-CoV monoclonal antibody
therapeutic. This limited-duration study, up to 4 days postinfection, did not demon-
strate significant clinical signs of MERS-CoV infection, e.g., weight loss (27). In this study,
we describe and characterize this novel mouse model for MERS-CoV infection in more
detail. We find that from 5 to 7 days postinfection, MERS-CoV-infected mice display
significant signs of clinical disease, including weight loss, ruffled fur, and labored
breathing as well as significantly increased lung damage and inflammation. Analysis of
lung inflammation in MERS-CoV-infected mice revealed alterations in the chemo-
kine and cytokine response and leukocyte infiltration consistent with T cell- and
macrophage-mediated responses. Transcriptome profiling corroborates these observa-
tions and suggests that there is also fibrotic gene upregulation, damage to the lung
endothelium, and depletion of B cells in MERS-CoV-infected lungs. Using inflammatory
cell depletion experiments, we further conclude that CD8* T cells exacerbate severe
MERS-CoV lung disease while macrophages play a role in suppressing MERS-CoV-
induced lung disease.

RESULTS

hDPP4 tissue and immune cell distribution is the same as endogenous mDPP4
tissue distribution in C57B6/hDPP4 mice. When developing a mouse model express-

ing the human virus receptor, a major concern is ensuring correct tissue distribution of
the protein. Endogenous DPP4 expression is not restricted to the lungs and also has a
distinct tissue distribution, with some organs expressing higher levels than others
(reviewed in reference 24). By maintaining the mDPP4 gene promoter and the 3’
untranslated region (UTR) to control hDPP4 (27), we aimed to achieve a model in which
hDPP4 matched the tissue distribution and expression levels observed for endogenous
mDPP4. To test this, we compared hDPP4 mRNA expression to mDPP4 mRNA expres-
sion in a range of organs and in blood.

Using genotype-confirmed hDPP4~/—, hDPP4+/~, and hDPP4*/* mice, we assessed
the expression levels of both mDPP4 and hDPP4 in mouse organs (Fig. 1A). The levels
of hDPP4 in both hDPP4+/~ and hDPP4+/* mice are comparable to those of mDPP4 in
hDPP4~/~ or hDPP4"/~ mice in seven of the eight tissues assayed (P > 0.05) (Fig. 1A).
The one significant discrepancy was in the kidney, where hDPP4 expression in
hDPP4*/~ and hDPP4*/* mice was significantly higher than mDPP4 expression in
hDPP4~/~ or hDPP4*/~ mice; for example, hDPP4 in hDPP4*/~ compared to mDPP4
in hDPP4—/—; P < 0.001) (Fig. 1A). We observed no significant difference in mDPP4
distribution in hDPP4+/~ mice compared to hDPP4~/~ mice in all organs (P > 0.05)
(Fig. 1A), suggesting that the replacement of mDPP4 with hDPP4 on one chromosome
does not significantly affect endogenous mDPP4 expression.
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FIG 1 mDPP4 and hDPP4 expression in organs and immune cells of C57B6/hDPP4 mice. (A) Organs from
wild-type C57B6 mice (hDPP4~/~), C57B6/hDPP4*/~, and C57B6/hDPP4*/* mice were removed and
probed for mDPP4 or hDPP4 mRNA expression by reverse transcription (RT)-PCR. mDPP4 expression in
C57B6/hDPP4*/* mice and hDPP4 expression in wild-type mice were used as baseline expression
samples. Data shown are means = SEM of samples from 2 mice. ***, P < 0.001; *, P < 0.05. (B)
Splenocytes from wild-type C57B6 mice (hDPP4~/~), C57B6/hDPP4+/~, and C57B6/hDPP4+/* mice were
stained for mDPP4 and hDPP4. Cells were identified as CD4* T cells, CD8* T cells, or macrophages (Mac)
and assessed for DPP4 expression. Three mice from each group were used, and representative flow
cytometry histograms are shown. Solid line, hDPP4~/~; dotted line, hDPP4*/~; dashed line, hDPP4+/*.

We next assessed DPP4 expression on CD4™ T cells, CD8™ T cells, and macrophages
(Fig. 1B). As expected, in all cases, mDPP4 expression was detectable on cells isolated
from hDPP4~/~ mice (Fig. 1B, first column, solid lines), and hDPP4 expression was
detectable on hDPP4*/*+ mice (Fig. 1B, second column, dashed lines). While it is difficult
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to quantifiably compare mDPP4 expression to that of hDPP4 due to different antibody
affinities and fluorophores, there were detectable levels of mDPP4 and hDPP4 on
hDPP4*/~ mice (Fig. 1B, spotted lines). These data suggest that CD4* T cells, CD8+ T
cells, and macrophages from hDPP4*/~ mice express both mDPP4 and hDPP4.

These data show that the hDPP4*/~ and hDPP4+/* mice do not have significantly
different expression of hDPP4 compared to endogenous mDPP4, in terms of both tissue
distribution and expression levels, although hDPP4 appears to be more highly ex-
pressed than mDPP4 in the kidney.

hDPP4-expressing mice infected with MERS-CoV by intranasal inoculation
display clinical signs of disease in a dose-dependent manner. We have previously
shown that MERS-CoV infection in our C57B6 hDPP4-expressing mouse does not result
in significant weight loss up to 4 days postinfection (27). To determine if hDPP4-
expressing mice were susceptible to MERS-CoV disease at higher MERS-CoV doses and
over a longer time course, we infected mice with 2.5 X 102, 2.5 X 103, or 2.5 X 10 PFU
of MERS-CoV(Jordan) and monitored weight loss and clinical symptoms up to 21 days
postinfection.

For the first 4 days of infection, there was no significant weight loss or clinical
symptoms observed in any of the groups (Fig. 2A). However, starting from day 5
postinfection, mice infected with 2.5 X 10* PFU MERS-CoV(Jordan) lost significant
weight, resulting in a =20% weight loss by day 7 postinfection in all mice (Fig. 2A,
diamonds). They also displayed progressively worsening clinical signs of disease from
day 5 postinfection, such as ruffled fur, lethargy, and hunched bearing. Mice infected
with an intermediate dose of 2.5 X 103 PFU MERS-CoV(Jordan) lost 10% of their starting
body weight by day 7 postinfection but, interestingly, regained 5% of starting body
weight by day 8 and remained at =100% of starting body weight for the remainder of
the time course from day 9 postinfection (Fig. 2A, triangles). These mice displayed no
other visible signs of disease at any other time point. Mock-infected mice (Fig. 2A,
circles) or mice infected with a low dose of 2.5 X 102 PFU MERS-CoV(Jordan) remained
at =100% of their starting body weight for the entire time course (Fig. 2A, squares) and
showed no visible signs of disease.

These data demonstrate that we have developed a useful model of MERS-CoV
infection in which we can observe 3 distinct disease phenotypes based on the MERS-
CoV inoculum: a lethal dose of MERS-CoV infection in mice (2.5 X 10* PFU/mouse), a
dose at which mice show some symptoms but recover (2.5 X 103 PFU/mouse), and a
dose at which there are no clinical symptoms of disease (2.5 X 102 PFU/mouse).

MERS-CoV replicates efficiently in lungs of hDPP4-expressing mice. We have
previously shown that MERS-CoV titers and RNA were detectable in the lungs of
MERS-CoV-infected mice up to 4 days postinfection (27). To extend these data and to
confirm that mice infected with 2.5 X 102, 25 X 103, or 2.5 X 10* PFU were
productively infected with MERS-CoV, we assessed MERS-CoV titers and RNA levels over
a longer time course. As the mice infected with 2.5 X 10* PFU had all dropped below
80% of their starting body weight at 7 days postinfection and had to be sacrificed per
IACUC regulations, there were no mice in this group for analysis at days 14 and 21
postinfection (Fig. 2B, C, and D, marked N/A). MERS-CoV titer was assayed by plaque
assay on Vero cells, and MERS-CoV genomic RNA and mRNA levels were assayed by a
TagMan quantitative real-time PCR (qPCR) assay. Genomic RNA levels report on the
amount of viral genome detected in the lungs, while the mRNA TagMan primers detect
only replicating virus by using a MERS-CoV Leader-specific primer as the 5’ primer. The
mMRNA primers report the presence of mRNAs that are found only when MERS-CoV is
replicating in cells.

At 2 days postinfection, significant levels of infectious MERS-CoV could be detected
in mice infected with all 3 doses of MERS-CoV (Fig. 2B). The levels of observed
MERS-CoV are dependent upon the inoculated dose, as mice infected with 2.5 X 102
PFU MERS-CoV had a mean of 3.09 X104 PFU/g MERS-CoV, mice infected with 2.5 X 103
PFU MERS-CoV had a mean of 1.25 X 10° PFU/g MERS-CoV, and mice infected with
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2.5 X 10% PFU MERS-CoV had a mean of 2.05 X10° PFU/g MERS-CoV (Fig. 2B). We also
observed significant MERS-CoV genomic RNA (Fig. 2C) and mRNA (Fig. 2D) at day 2
postinfection, which again correlated with the inoculated dose of MERS-CoV.

At day 4 postinfection, the levels of infectious MERS-CoV detected in lungs of mice
infected with 2.5 X 103 or 2.5 X 10* PFU MERS-CoV dropped 5- to 10-fold compared
to levels at day 2 postinfection (Fig. 2B), whereas levels of infectious MERS-CoV
detected in lungs of mice infected with 2.5 X 102 PFU MERS-CoV remained at the levels
observed at day 2 postinfection (2.04 X 10* mean PFU/g [Fig. 2B]). This is consistent
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with the levels of MERS-CoV genomic RNA (Fig. 2C) and M mRNA (Fig. 2D) at day 4
postinfection, when the 2.5 X 102 PFU-infected mice showed an increase in MERS-CoV
RNA, while mice infected with either 2.5 X 103 or 2.5 X 104 PFU MERS-CoV showed a
decrease in MERS-CoV RNA levels.

At 7 days postinfection, there was no detectable MERS-CoV titer in the lungs of mice
infected with the low or intermediate dose of MERS-CoV and a mean of only 1.05 X 103
PFU/g of MERS-CoV in the lungs of mice infected with the high dose of MERS-CoV (Fig.
2B). However, high levels of MERS-CoV genomic RNA (Fig. 2C) and M RNA (Fig. 2D) were
detected in all infected groups, though we did observe a dose-dependent decrease in
MERS-CoV RNA levels at day 7 postinfection compared to day 4 postinfection for all
doses (Fig. 2C and D). We suspect both that the TagMan assay to detect RNA is more
sensitive than plaque assay and that the viral RNA may be stable longer in the lungs
than live virus. Using these assays, neither MERS-CoV (Fig. 2B) nor MERS-CoV genomic
RNA (Fig. 2C) was detected at days 14 or 21 postinfection in mice infected with 2.5 X
102 or 2.5 X 103 PFU MERS-CoV except for the 2.5 X 102 group at day 14, in which we
observe genomic RNA just above background levels. Low levels of MERS-CoV M mRNA,
3 log lower than the day 7 time point, were detectable at days 14 and 21 postinfection
in mice infected with either 2.5 X 102 or 2.5 X 103 MERS-CoV (Fig. 2D).

These data indicate that mice infected with all three doses of MERS-CoV had a
productive MERS-CoV infection in the lungs and that the kinetics of infection was dose
dependent.

MERS-CoV does not spread to the brain, liver, or kidney but can be detected in
the blood of hDPP4-expressing mice infected with 2.5 x 104 PFU MERS-CoV. To
determine if mice expressing hDPP4 under the endogenous mouse promoter displayed
a disseminated pattern of MERS-CoV infection, we measured the levels of MERS-CoV
RNA in the blood, brain, liver, kidney, and spleen of mice intranasally infected with
2.5 X 10* PFU MERS-CoV(Jordan) (Fig. 2E and F), as these mice had the highest levels
of MERS-CoV replication in the lungs. We were unable to detect expression of either
MERS-CoV genomic RNA or M mRNA in the brain, liver, or kidney of mice infected
by MERS-CoV compared to mock-infected controls (Fig. 2E and F). On the other hand,
MERS-CoV genomic RNA and M mRNA were detectable in the blood of MERS-CoV-
infected mice throughout the time course of infection (Fig. 2F). In addition, we
observed detectable amounts of MERS-CoV M mRNA, but not genomic RNA, in the
spleen of the MERS-CoV-infected mice at all postinfection time points (Fig. 2F). While
MERS-CoV RNA was detectable in blood and spleen, both genomic and M mRNA levels
in these tissues were many orders of magnitude lower than the levels measured in the
lung.

These data suggest that MERS-CoV is present at a low level into the bloodstream of
infected mice, either as free virions in the plasma or by infection of DPP4-expressing
circulating leukocytes, which may traffic to the spleen. These data also demonstrate
that MERS-CoV does not infect the brain, liver, or kidney over the time course of fatal
infection in our C57B6/hDPP4 mice. Taken together, these data suggest that mortality
of MERS-CoV in C57B6/hDPP4 mice is caused by the primary lung infection.

Infection with MERS-CoV results in significant lung pathology characterized by
vascular cuffing and lymphocyte influx. Mice infected with mouse-adapted SARS-
CoV display distinct pathological effects within the lungs, characterized by inflamma-
tory cell infiltration and epithelial cell destruction (17). We have previously described
that lungs of mice expressing hDPP4 infected with MERS-CoV show significant inter-
stitial inflammation with perivascular cuffing and extensive alveolar septal thickening
(27), but we did not observe any weight loss at day 4 postinfection. Based on the
dose-dependent clinical disease and weight loss that we observed in the current study,
we sought to further characterize the pathological effects of MERS-CoV. Examples of
the types of pathology observed in MERS-CoV-infected mice are shown in Fig. 3.

Mice infected with 2.5 X 102 PFU, 2.5 X 103 PFU, or 2.5 X 10* PFU MERS-
CoV(Jordan) displayed various levels of lymphocytic perivascular inflammation, macro-
phage infiltration, pleuritis, and epithelial necrosis (Tables 1, 2, and 3). In the 2.5 X
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FIG 3 Histology of lungs of C57B6/hDPP4 mice infected with MERS-CoV. Images from lung sections of
C57B6/hDPP4 mice infected with 2.5 X 102 (A), 2.5 X 103 (B), or 2.5 X 10* (C) PFU of MERS-CoV(Jordan).
(D) PBS-inoculated mice. Pictures of blood vessels (arterioles), alveoli, and bronchioles were taken for
comparative analysis of inflammatory structures in the lungs during infection.

102-PFU MERS-CoV-infected mice, lymphocytic perivascular inflammation was still ev-
ident through day 21 postinfection while all other inflammatory parameters were
resolved by day 14 postinfection (Table 1). On the other hand, in mice infected with
2.5 X 103 PFU MERS-CoV, all pathological signs of disease, including lymphocytic
perivascular inflammation, were resolved by day 14 postinfection (Table 2). In mice
infected with 2.5 X 10* PFU MERS-CoV, no inflammatory resolution was observed by
day 7 postinfection, and in addition, there was evidence of moderate edema (Table 3).
Overall, these data suggest that MERS-CoV infection of hDPP4-expressing mice
causes a dose-dependent inflammatory disease characterized by predominantly
perivascular inflammation that consists of mostly macrophages and lymphocytes.
Transcriptome analysis of MERS-CoV-infected B6/hDPP4 mice demonstrates
recruitment and activation of T cells and macrophages. Compared to the lower
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TABLE 1 Pathology scores of lungs of mice infected with 2.5 X 102 PFU MERS-

CoV(Jordan)@
Mean disease score at dpi:

Pathological sign 2 4 7 14 21
Overall inflammation + + ++ ++ ++
Bronchiolar inflammation + + + + +
Perivascular inflammation + ++ ++ ++ ++
Edema + + + + +
Eosinophils + + + + +
Neutrophils + + + + +
Macrophages + + ++ + +
Lymphocytes + ++ ++ ++ ++
Pleuritis + + ++ + +
Epithelial necrosis + + ++ + +

aLung sections from 5 MERS-CoV-infected mice per group were scored for pathological signs of disease on a
scale of 0 to 5, and scores were averaged and rounded to the nearest whole number: +, 0 or 1; ++, 2 or
3; +++, 4 or 5; dpi, days postinfection.

doses tested, mice infected with 2.5 X 10 PFU MERS-CoV display the most severe
MERS-CoV infection phenotype; therefore, we decided to characterize the inflammatory
response in C57B6/hDPP4 mice infected with 2.5 X 104 PFU of MERS-CoV by transcrip-
tome analysis of infected lungs. Lungs from C57B6/hDPP4 mice infected with 2.5 X 10%
PFU MERS-CoV(Jordan) were analyzed by strand-specific RNA sequencing (RNA-Seq) for
transcriptional changes compared to lungs from mock-infected mice. We found a
substantially altered lung transcriptional profile that correlates with the histological
data in Fig. 2.

At day 2 postinfection, we detected 1,900 genes with expression altered by at least
50% compared to mock-infected controls. By 4 days postinfection, 2,484 genes were
differentially regulated, and by day 7 postinfection, 5,536 genes, or about one-quarter
of the mouse genome, was perturbed. The most pronounced changes were observed
in genes associated with the inflammatory response. As early as day 2 postinfection,
multiple cytokines and chemokines associated with both Th1 and Th2 responses were
dramatically upregulated in infected lungs compared to mock-infected controls, in-
cluding Cxcl11 (252-fold increase), Cxcl10 (222-fold), and others (Ccl7, Cxcl9, Ccl12, Ccl2)
(Fig. 4B; see also Table S1 in the supplemental material for a full list of gene changes).
All these genes retain their markedly elevated expression levels through day 7 postin-
fection, when the mice had to be sacrificed due to =20% weight loss.

Unsupervised hierarchical clustering allowed for further classification of these gene
changes. The set of genes perturbed at day 7 postinfection compared to mock-infected
controls fell roughly into four categories (Fig. 4A). The cytokines noted above clustered
together into one group (shown in red on the heatmap in Fig. 4A). Members of this

TABLE 2 Pathology scores of lungs of mice infected with 2.5 X 103 PFU MERS-

CoV(Jordan)@
Mean disease score at dpi:

Pathological sign 2 4 7 14 21
Overall inflammation ++ ++ ++ + +
Bronchiolar inflammation + + + + +
Perivascular inflammation + ++ ++ + +
Edema + + + + +
Eosinophils + + + + +
Neutrophils + + + + +
Macrophages + ++ ++ + +
Lymphocytes ++ ++ ++ + +
Pleuritis + ++ + + +
Epithelial necrosis + + ++ + +

aLung sections from 5 MERS-CoV-infected mice per group were scored for pathological signs of disease on a
scale of 0 to 5, and scores were averaged and rounded to the nearest whole number: +, 0 or 1; ++, 2 or
3; +++, 4 or 5; dpi, days postinfection.
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TABLE 3 Pathology scores of lungs of mice infected with 2.5 X 10* PFU MERS-

CoV(Jordan)@
Mean disease score at dpi:

Pathological sign 2 4 7
Overall inflammation ++ ++ ++
Bronchiolar inflammation + + +
Perivascular inflammation ++ ++ ++
Edema + + 4+
Eosinophils + + +
Neutrophils + + 44
Macrophages + + ++
Lymphocytes ++ ++ 4
Pleuritis + + +
Epithelial necrosis + + +

aLung sections from 5 MERS-CoV-infected mice per group were scored for pathological signs of disease on a
scale of 0 to 5, and scores were averaged and rounded to the nearest whole number: +, 0 or 1; ++, 2 or
3; +++, 4 or 5; dpi, days postinfection.

group showed sharply elevated expression by day 2 postinfection (the first time point
assayed) and continued to be overexpressed throughout the time course. A large
number of cytokines, interleukins, and interferons follow this pattern of expression; for
example, gamma interferon was 40-fold upregulated compared to mock-infected
controls by day 7 postinfection, and Timp1, Serpinel, Thbs1, and other genes associ-
ated with fibrosis were also significantly upregulated (Fig. 4B).

The second cluster (Fig. 4A, orange) shows a more gradual pattern, with expression
increasing over the time course of infection or only at day 7. Many genes in this
category were associated with cell adhesion and wound-healing functions. Thus, while
genes in the red group signify the acute phase of fibrosis, those in this orange group
(e.g., Col3a1 and other collagens, Tgfb1) were associated with more-established dis-
ease. Proteasome components are also highly enriched in this group, with expression
peaking at day 7 postinfection (Fig. 4B, brown lines).
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FIG 4 Gene expression changes in lungs of C57B6/hDPP4 mice infected with MERS-CoV. After infection with 2.5 X 10* PFU MERS-CoV(Jordan),
C57B6/hDPP4 mouse lungs were harvested at 2, 4, and 7 days postinfection and profiled by RNA-Seq. Lungs from mock-infected mice were
used as controls. (A) Heatmap showing gene expression changes across samples. Each column represents a mouse sample, while each row
represents 1 of 5,536 genes whose expression is significantly altered between day 7 postinfection mice and controls. RPKM expression values
for each gene are plotted as log, ratios to the median in the mock-infected group. Unsupervised hierarchical clustering on these ratios yields
four functionally relevant subgroups, indicated by the four colors in the left panel. (B) Expression of representative genes over the time course
of infection. Values are fold changes (mean for infected mice at the indicated time point divided by the mean for the mock-infected mice).
Dark circles indicate significantly perturbed gene changes (P < 0.01). Representative genes are as follows, listed for each group in order of
diminishing fold change at day 7: cytokine group, Cxcl9, Cxcl11, Cxcl10, Ccl7, Ccl2; Fibrosis group, Timp1, Mmp13, Serpinel, Collal;
macrophage group, C1qga, C1qc; T-cell group, Cd8a, Cd3e, Cd3g, Themis, Cd4; proteasome group, Psmb8, Psmb9, Psme1; endothelial group,
Robo4, Pecam1, Egfl7, Tiel; angiogenesis group, Vegfa, Dll4. B-cell: Cd79b, Ms4a1, Cd19, Pax5, Cd79a; Notch group, Hes1, Nrarp, Hey1.
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The largest category derived from unsupervised clustering (Fig. 4A, cyan) showed
the inverse pattern, with expression diminishing toward the later time points of
infection. Functional groups enriched for genes within this category included angio-
genesis (Vegfa, DIl4), the Notch pathway (Hey1, Hes1, and Nrarp), and endothelial
markers (Robo4, Pecam1) (cyan, aqua, and light blue lines in Fig. 4B).

The upregulated cytokines suggest T cell and macrophage recruitment upon infec-
tion with MERS-CoV. For example, both Cxcl11 and Cxcl10 are chemokines that
promote T cell migration. To investigate further, we used a panel of genes showing
cell-type-specific expression, as derived by the Immgen consortium (28), to assess
immune subtype changes. We observed a sudden increase in T cell markers such as
Cd3e and Themis by day 7, though not before (Fig. 4B, magenta lines). Thus, there is a
pronounced delay between elevated cytokine expression and recruitment of T cells.
Genes associated with macrophage proliferation were significantly upregulated upon
MERS-CoV infection, with C1gc and C1ga levels increasing 2-fold by day 2 compared to
mock-infected controls and reaching over 6-fold by day 7 (Fig. 4B, pale red lines). In
contrast, there was significant downregulation of B cell markers (Cd19, Cd79a) at day 2
postinfection, compared to mock-infected controls, with continued reduction over the
remainder of the time course (Fig. 4B, dark blue lines). B cell-associated genes are the
only cluster whose members showed diminishing expression levels over the entire time
course of MERS-CoV infection (Fig. 4B, blue). The dendritic cell marker Fscn1 was
modestly upregulated at days 4 and 7 postinfection, while NK cell markers (Itga2, Ncr1)
were unchanged.

Lastly, we asked whether the set of gene changes observed in our experiment
resembled any in the public domain. To this end, we used NextBio, which compares
pairs of gene signatures based on a running Fisher test-based algorithm (29). From
among the 18,125 experiments in NextBio’s database of public studies, the top four
experiments matching the gene signature obtained from MERS-CoV-infected lungs at
day 7 were all analogous to experiments in which SARS-CoV-infected mouse lungs (see
Table S2 in the supplemental material). These results confirm the shared biology
underpinning the host response to coronavirus infection. Our MERS-CoV infection
signature also strongly matched other viral infections of the lung, for example, influ-
enza virus HIN1 and bleomycin-treated lungs (Table S2).

Lungs of hDPP4 mice infected with MERS-CoV are infiltrated with macro-
phages, neutrophils, and both CD4+ and CD8+ T cells over the course of infection.
To validate the results of the RNA-Seq analysis and histological observations, we next
quantified the specific leukocyte populations present in the lungs of hDPP4-expressing
mice infected with 2.5 X 10* PFU MERS-CoV over the time course of infection. We used
flow cytometry to specifically identify subsets of lymphocytes (B cells, NK cells, CD4™ T
cells, and CD8* T cells), antigen-presenting cells (APCs; dendritic cells [DCs] and
macrophages), and granulocytes (basophils, eosinophils, and neutrophils). At 2 days
postinfection, there is no significant difference in lung leukocyte populations in MERS-
CoV-infected mice compared to mock-infected controls (P > 0.05 for all cell types) (Fig.
5A). However, by 4 days postinfection, macrophage levels were significantly increased
(6- = 2.8-fold higher; P < 0.001) (Fig. 5B) and remained significantly elevated at day 7
postinfection (P < 0.001) (Fig. 5C). Neutrophils also increased at day 4 (3.2- = 0.8-fold;
P < 0.05), although there was no significant difference in neutrophil numbers com-
pared to mock-infected controls at day 7 postinfection (P > 0.05) (Fig. 5C). Both CD4*
and CD8™* T cell numbers significantly increased 4-fold at day 7 postinfection compared
to mock-infected controls (P < 0.001 in both cases) (Fig. 5C). Numbers of B cells, NK
cells, DCs, basophils, and eosinophils in the lungs were not significantly affected by
MERS-CoV infection at any time point compared to mock-infected controls (Fig. 5A, B,
and C) (P > 0.05 in all cases). When data are plotted respective to the mock-infected
controls (Fig. 5D), clear increases of CD4™ T cells, CD8* T cells, and macrophages can
be observed over the time course of MERS-CoV lung infection.

These data suggest that MERS-CoV infection induces the influx of macrophages,
neutrophils, and CD4* and CD8* T cells into the lungs of infected mice in a time-
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FIG 5 Infiltration of CD4* T cells, CD8* T cells, macrophages, and neutrophils into the lungs of MERS-CoV-infected
C57B6/hDPP4 mice. (A to C) C57B6/hDPP4 mice were infected with 2.5 X 104 PFU MERS-CoV (Jordan) and assessed
for leukocyte infiltration at day 2 postinfection (A), day 4 postinfection (B), and day 7 postinfection (C). (D)
Compared to mock-infected controls, significant peaks of CD4+ T cells, CD8* T cells, and macrophages can be
observed over the time course. Data shown are means * standard deviations (SD) for samples from 3 mice per time

point.

dependent manner. Neutrophils infiltrate up to 4 days postinfection but then return to
background levels for the remainder of the infection. CD4* and CD8* T cells infiltrate
after day 4 postinfection and reach very high levels by 7 days postinfection, whereas
macrophages infiltrate the lungs of infected mice from day 4 postinfection and are still
at high levels at 7 days postinfection. The infiltration of macrophages and T cells shows
remarkable concordance with the transcriptome profiling observations, both in the
magnitude and kinetics of the changes.

Depletion of CD4+ T cells has no effect on MERS-CoV infection or pathogen-
esis, whereas depletion of CD8+ T cells reduces weight loss in MERS-CoV-infected
C57B6/hDPP4 mice. Taken together, the histology, flow cytometry, RNA-Seq, and
cytokine and chemokine data suggest that MERS-CoV disease in mice is characterized
by a large influx of T cells into the lungs of infected mice. However, as both CD4™
and CD8™ T cells are present in higher numbers in MERS-CoV-infected mice, the relative
contributions of each cell type to pathogenesis cannot be determined from these data.
Therefore, we specifically depleted either CD4+ or CD8* T cells from the lungs of mice
expressing hDPP4 to determine the relative roles of T cell subtypes in MERS-CoV-
mediated disease.
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TABLE 4 Pathology scores of lungs of mice depleted of CD4* T cells and infected with
2.5 X 10* PFU MERS-CoV(Jordan)@

Mean pathology score of animals treated with indicated

antibody

Mock infection MERS-CoV infection

4 dpi 7 dpi 4 dpi 7 dpi
Pathological sign IgG Anti-CD4 IgG Anti-CD4 IgG Anti-CD4 IgG Anti-CD4
Overall inflammation + + + + ++ ++ +4+ ++
Bronchiolar inflammation  + + + + ++ ++ +4+ ++
Perivascular inflammation + + + + +4+ ++ ++ 4+
Edema + + + + + + + +
Eosinophils + + + + ++ + +4+ o+
Neutrophils + + + + ++ + + +
Macrophages + + + + +4+ 4+ ++ 4
Lymphocytes + + + + ++ ++ +4+ ++
Pleuritis + + + + + ++ + +
Epithelial necrosis + + + + + + + +

aLung sections from 5 MERS-CoV-infected mice per group were scored for pathological signs of disease on a
scale of 0 to 5, and scores were averaged and rounded to the nearest whole number: +, 0 or 1; ++, 2 or
3; +++, 4 or 5; dpi, days postinfection.

Depletion of CD4™ T cells resulted in no significant histological changes in MERS-
CoV-induced lung pathology at either day 4 or day 7 postinfection (Table 4). There was
also no statistically significant effect of CD4™ T cell depletion on the MERS-CoV-
dependent weight loss (P > 0.05) (Fig. 6A) or on the MERS-CoV titer in the lungs of
infected mice at day 4 or 7 postinfection (P > 0.05) (Fig. 6B). These data suggest that
CD4™" T cells do not contribute to MERS-CoV replication, persistence, or pathogenesis
in vivo.

In contrast, depleting CD8" T cells slightly exacerbated MERS-CoV-induced overall
inflammation, bronchiolar inflammation, lymphocyte infiltration, and pleuritis at day 7
postinfection (Table 5), as assessed by histology. No significant changes in lung
pathology were observed at day 4 postinfection. Interestingly, despite the mildly worse
inflammation observed at day 7, depletion of CD8" T cells significantly protected
against MERS-CoV-dependent weight loss at days 6 and 7 postinfection (Fig. 6C,
squares). For example, at day 7 postinfection MERS-infected mice treated with control
antibody dropped to 83.5% = 0.75% of their starting weight, whereas CD8" T cell-
depleted mice were at 93.5% =* 2.1% of starting weight (P < 0.001). Depletion of CD8*
T cells had no significant effect on the MERS-CoV titer in the lungs of infected mice at
day 4 or 7 postinfection (P > 0.05) (Fig. 6D). These data suggest that CD8" T cells
contribute to MERS-CoV-induced lung pathology but do not contribute to the replica-
tion, persistence, or control of MERS-CoV in vivo.

Depletion of macrophages causes enhanced MERS-CoV-induced weight loss
and pathology but does not alter MERS-CoV replication or persistence in infected
mice. The data suggest that MERS-CoV disease induces infiltration of macrophages into
the lungs of infected mice and also an increase in macrophage activation. We deter-
mined the role of macrophages in MERS-CoV infection in hDPP4-expressing mice by
depleting macrophages from the lungs of mice using clodronate-containing liposomes.

Depletion of macrophages resulted in no significant changes in pathology at 4 days
postinfection compared to treatment with control (phosphate-buffered saline [PBS])
liposomes, except for slightly increased lymphocyte infiltration (Table 6). However,
depletion of macrophages did appear to make MERS-CoV-induced overall inflamma-
tion, perivascular inflammation, edema, eosinophilia, and lymphocyte infiltration worse
at day 7 postinfection than in mock-infected control mice (Table 6). Furthermore,
depletion of macrophages from the lungs of hDPP4 mice caused significantly greater
weight loss at days 6 and 7 postinfection than in controls (Fig. 6E, squares). For
example, at day 7 postinfection, MERS-CoV-infected mice treated with PBS-containing
liposomes were at 86.8% * 1.2% of starting weight, whereas mice treated with
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FIG 6 Depletion of CD4+ T cells, CD8* T cells, or macrophages has differential effects on MERS-CoV pathogenesis
in C57B6/hDPP4 mice. C57B6/hDPP4 mice were depleted of CD4* T cells (A, B), CD8* T cells (C, D), or macrophages
(E, F) and infected with 2.5 X 104 PFU MERS-CoV (Jordan) and monitored for weight loss (A, C, E) and MERS-CoV
titer (B, D, F). Data shown are means =+ SD for samples, with each of the 5 mice per time point shown as individual
dots on the graph in panels B, D, and F. **, P < 0.01; *, P < 0.05, n.s., not statistically significant. LOD, limit of

detection.

clodronate-containing liposomes were at 82% *+ 0.9% of starting weight (P < 0.05). As
we observed with T cells, macrophage depletion had no significant effect on MERS-CoV
titers in the lungs of infected mice at day 4 or 7 postinfection (Fig. 6F) (P > 0.05). These
data suggest that macrophages protect mice from MERS-CoV-dependent lung inflam-
mation but do not promote or inhibit MERS-CoV replication in vivo.

DISCUSSION

MERS-CoV is an emerging highly pathogenic coronavirus for which there are no
approved treatments or vaccination strategies. In order to develop novel MERS-CoV
therapeutics, a well-characterized small-animal model that reproduces the disease seen
in humans is required for the early-stage testing of putative therapies in vivo. In this
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TABLE 5 Pathology scores of lungs of mice depleted of CD8* T cells and infected with
2.5 X 10* PFU MERS-CoV(Jordan)@

Mean pathology score of animals treated with indicated

antibody

Mock infection MERS-CoV infection

4 dpi 7 dpi 4 dpi 7 dpi
Pathological sign IgG Anti-CD8 IgG Anti-CD8 IgG Anti-CD8 IgG Anti-CD8
Overall inflammation + + + + ++ ++ +4+ 4+
Bronchiolar inflammation  + + + + ++ ++ + 4+
Perivascular inflammation + + + + +4+ ++ ++ 4+
Edema + o+ + o+ + o+ + o+
Eosinophils + + + + ++ ++ + +
Neutrophils + + + + +4+ 4+ + +
Macrophages + + + + +4+ 4+ ++ 4
Lymphocytes + + + + ++ ++ +4+ +++
Pleuritis + o+ + o+ ++ ++ + 4+
Epithelial necrosis + + + + + + + +

aLung sections from 5 MERS-CoV-infected mice per group were scored for pathological signs of disease on a
scale of 0 to 5, and scores were averaged and rounded to the nearest whole number: +, 0 or 1; ++, 2 or
3; +++, 4 or 5; dpi, days postinfection.

study, we further characterize a mouse model of MERS-CoV that we have previously
used to test a novel MERS-CoV therapeutic strategy (27).

Histology data from a MERS-CoV-infected human patient demonstrated that infec-
tion is manifested by severe inflammatory lung pathology (10). Previously described
mouse models for MERS-CoV infection do not exhibit these traits and thus do not
accurately reflect human disease. Here we showed that in humanized mice, hDPP4
expression by organ and immune cell type was equivalent to endogenous mDPP4
expression. Further, we show that infection of hDPP4-expressing mice with different
doses of MERS-CoV yields three different disease phenotypes: 2.5 X 10* PFU MERS-CoV
causes a 20% weight loss from day 5 to day 7 postinfection; 2.5 X 10 PFU MERS-CoV
causes a 10% weight loss by day 7 postinfection, from which the mice recover; and
2.5 X 102 PFU MERS-CoV has no effect on the weight of mice. This is despite the finding
that infectious MERS-CoV and MERS-CoV RNA can be recovered from the lungs of mice
infected with all three doses, though levels depend on the inoculated dose. All infected
mice were clear, or almost clear, of infectious MERS-CoV in the lungs by day 7
postinfection. Interestingly, in mice that survived past 7 days postinfection, MERS-CoV
mRNA was still detectable at 21 days postinfection, albeit at much lower levels than at
the peak of infection, and there was no evidence of MERS-CoV genomic RNA in the
lungs of infected mice at this time point. We hypothesize that the detection of

TABLE 6 Pathology scores of lungs of mice depleted of macrophages and infected with 2.5 X 10* PFU MERS-CoV(Jordan)

Mean pathology score of animals subjected to indicated liposome treatment

Mock infection MERS-CoV infection

4 dpi 7 dpi 4 dpi 7 dpi
Pathological sign PBS Clodronate PBS Clodronate PBS Clodronate PBS Clodronate
Overall inflammation ++ + + ++ +++ +++ ++ 44
Bronchiolar inflammation + + + + ++ ++ + +
Perivascular inflammation ++ + + ++ +++ +++ ++ -+
Edema + + + + + ++ + ++
Eosinophils ++ + + + ++ ++ + ++
Neutrophils + + + + ++ ++ + +
Macrophages ++ + + + ++ ++ ++ ++
Lymphocytes + + + ++ ++ +++ ++ +4+
Pleuritis + + + + ++ ++ + +
Epithelial necrosis + + + + + + + +

aLung sections from 5 MERS-CoV-infected mice per group were scored for pathological signs of disease on a scale of 0 to 5, and scores were averaged and rounded
to the nearest whole number: +, 0 or 1; ++, 2 or 3; +++, 4 or 5; dpi, days postinfection.
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MERS-CoV mRNA at this late time point is due to either inherent differences in levels of
detection by plaque assays and by qPCR or to the fact that there is a substantial
presence of viral RNA that is maintained in a cell population in the lungs after the virus
is cleared. Whether this RNA is able to produce live virus at extended time points or
potentially under immune cell depletion conditions is unknown. Experiments compar-
ing viral RNA levels and depletion experiments during longer infection times will be
analyzed in the future.

Studies have shown that MERS-CoV is capable of spreading to other organs in
infected mice when DPP4 is expressed under a strong ubiquitous promoter (23, 25). The
recent human case report suggests that MERS-CoV does not spread to any other organ
during human infection (10), and we could find no evidence of MERS-CoV spread to the
brain, kidney, or liver in C57B6/hDPP4 mice that were exposed to our highest dose of
MERS-CoV and succumbed to fatal infection. We detected small amounts of MERS-CoV
RNA in the blood and spleen of infected mice, suggesting that MERS-CoV is present in
the blood or a circulating cell, such as T cells (6), but the clinical significance of this is
unclear. There are only minimal data for the blood titer or immune cell infections in vivo
in human infections. We hypothesize that the immune cell component of MERS-CoV
pathogenesis may provide legitimate models of infection in vivo, for example, in
circulating T cells. Without additional human MERS-CoV data, it is difficult to know for
certain; however, the role of the immune cell component in MERS-CoV pathogenesis
and replication is an active area of research in the B6/hDPP4 mouse model.

Histological analysis of the lungs of MERS-CoV-infected hDPP4 mice reveals that
MERS-CoV causes significant edema, vascular cuffing, and alveolar septum thickening
caused by lymphocyte infiltration. This recapitulates the basic pathology observed in
human lungs after severe MERS-CoV infection (10). The decrease in angiogenesis-
related and endothelial marker gene expression in our RNA-Seq data is also consistent
with the vascular damage observed in the human autopsy study (10). Although the
autopsy of this patient describes only cardiac fibrosis, our data show transcriptional
changes consistent with fibrosis in the lung, as collagens, Timp1, and transforming
growth factor B (TGF-B) are upregulated, and the set of infection-induced gene
changes shows strong concordance with those seen in bleomycin-induced fibrosis
models.

We have also analyzed infiltrating cell populations by flow cytometry and found
significant infiltration of CD4* T cells, CD8™" T cells, macrophages, and neutrophils
into the lungs over the time course of MERS-CoV infection of our hDPP4 mice.
RNA-Seq identified a significant transcriptional upregulation of T cell chemokines,
such as Cxcl10 and Ccl12, of T cell-associated factors, such as Ccl1, and of factors
produced by macrophages, such as Ccl3 and Ccl4. The cellular sources of these
cytokine and chemokine transcripts are under investigation, but in light of previous
studies (7, 8), macrophages may be a significant source of inflammatory cytokines
and chemokines during MERS-CoV infection, regardless of whether they do (8) or do
not (7) facilitate productive MERS-CoV replication. The role of macrophages and
monocytes in human disease is unknown due to the minimal clinical data from
MERS patients. The analysis of MERS-CoV replication or the role of murine macro-
phages compared to that of human macrophages in pathogenesis in vivo is difficult
due to the lack of human samples. However, the B6/hDPP4 mouse model can be
used to answer the question of how murine monocytes and macrophages respond
to MERS-CoV infection and affect disease. We hypothesize that they play an
important role in MERS-CoV lung pathology and in the immune response to
infection; however, additional experiments are needed to discern the mechanism
by which this occurs.

Taken together, our data suggested a strong T cell and macrophage response in the
lungs of MERS-CoV-infected hDPP4 mice, so we depleted mice of T cells and macro-
phages to determine their roles, if any, in MERS-CoV pathogenesis. We found that CD4+
T cells have no effect on MERS-CoV-induced pathology, replication, or persistence in
the lungs of infected mice.
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Interestingly, depletion of CD8* T cells improved the physical symptoms of mice
infected with MERS-CoV without inhibiting MERS-CoV replication or reducing the
pathological signs of disease in the lungs of infected hDPP4 mice, suggesting that
CD8™* T cells may contribute to MERS-CoV-induced weight loss in infected mice. Our
data suggest that this is not due to the physical presence of large numbers of CD8* T
cells blocking gas exchange, as pathology scores reveal, if anything, more lymphocytes
in the lungs of CD8* T cell-depleted mice. Previous studies have shown that there is no
difference between CD4" and CD8* T cells in terms of permissiveness to MERS-CoV
infection and that MERS-CoV causes T cell apoptosis in mixed T cell cultures (6).
Therefore, we hypothesize that there is a unique response of CD8" T cells to MERS-CoV
infection that is responsible for the physical symptoms of disease. These responses
could include the specific timing and sensitivity of CD8* T cell to apoptosis or the
production of a cytokine/chemokine that causes more-systemic inflammatory symp-
toms.

We found that depletion of macrophages exacerbated the physical symptoms and
pathological signs of disease in the lungs of MERS-CoV-infected hDPP4 mice without
affecting MERS-CoV replication, suggesting that macrophages protect against MERS-
CoV-mediated disease. The mechanism of action is under investigation, but one
possibility is that macrophages produce a cytokine/chemokine that protects the lung
from excessive inflammation. This is intriguing because previous work on the SARS-CoV
demonstrated that macrophages in the lungs of mice were detrimental to lung
pathology and clearance of SARS-CoV by inhibiting efficient T cell responses (30).
Investigation of the differences between SARS-CoV and MERS-CoV in this context may
reveal crucial host responses that determine how macrophages respond differently to
these highly pathogenic coronaviruses.

A previous study using the adenovirus transduction of hDPP4 into the lungs of mice
suggested that T cells play an important role in the clearance of MERS-CoV (22). In that
study, MERS-CoV was not cleared from mice that genetically lack all T cells (TCRa=/~)
but was cleared at levels similar to those of wild-type mice in mice lacking B cells
(UMT~/7). We found that antibody-based depletion of CD4* or CD8™ T cells in adult
mice had no significant effect on MERS-CoV titers in the lungs of infected mice,
suggesting that in our mouse model with depletion, neither subtype alone plays a
significant role in the clearance of MERS-CoV. There are marked differences be-
tween these two mouse models that could be responsible for the differences in
results. First, the Ad/hDPP4 model transduces hDPP4 into any cells that the
adenovirus can infect in the lungs, not necessarily the cells that natively express
hDPP4. In addition, the expression levels of hDPP4 in the Ad/hDPP4 model vary
from the endogenous hDPP4 levels seen in the B6/hDPP4 mice in this study. The
MERS-CoV inoculum may also be responsible for the differences, since the inoculum
used in this study was one that caused high levels of infection, lung pathology, and
clinical disease, which could be overwhelming to the immune response and mask
small differences in MERS-CoV replication that may have a much more significant
effect on MERS-CoV when the initial inoculum is lower. Finally, the depletion
experiments do not result in a total lack of either T cell-type in the lungs, in contrast
to the complete knockout mouse experiments in the study by Zhao et al. (22).
Therefore, we cannot rule out that there may be a role for T and B cells in the
control of viral load for MERS-CoV that was not observed using our current
experimental approaches. Comparisons of viral dose, cell depletions, and back-
ground differences between the two models would be informative in the future.

Overall, we have utilized a human DPP4-expressing mouse to create a model of
MERS-CoV pathogenesis. In this model, we have demonstrated that CD8* T cells and
macrophages influence the course of MERS-CoV-induced disease. This model will allow
for the analysis of how individual inflammatory cell types and host-produced factors
regulate MERS-CoV pathogenesis.
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MATERIALS AND METHODS

Ethics statement. All mouse experiments were performed at the University of Maryland School of
Medicine in accordance with protocols approved by the Institutional Animal Care and Use Committee
(IACUCQ) under protocol number 0115009 and the U.S. Animal Welfare Act.

MERS-CoV, Vero E6 cells, and hDPP4-expressing mice. The Jordan MERS-CoV strain (GenBank
accession no. KC776174.1, MERS-CoV-Hu/Jordan-N3/2012) was kindly provided by Kanta Subbarao
(National Institutes of Health, Bethesda, MD), Gabriel Defang (Naval Medical Research Unit 3 [NAMRU-3],
Cairo, Egypt), Michael Cooper (Armed Forces Health Surveillance Center [AFHSC]), and Emad Mohereb
(NAMRU-3). All experiments with live MERS-CoV(Jordan) were performed under biosafety level 3 condi-
tions at the University of Maryland School of Medicine.

Vero E6 cells (monkey kidney epithelial cells, ATCC CRL-1586) for plaque assays were grown in
minimal essential media (MEM; Corning) supplemented with 10% (vol/vol) fetal bovine serum (FBS;
Sigma-Aldrich), 1% (vol/vol) L-glutamine (Gibco), and 1% (vol/vol) penicillin-streptomycin (Gemini bio-
products) at 37°C in a 5% CO, atmosphere.

Human DPP4 (hDPP4)-expressing C57B6 mice (C57B6/hDPP4 mice) were created and provided by
Regeneron Pharmaceuticals Inc. as described previously (27). Mice that were heterozygous for hDPP4
were bred at the University of Maryland School of Medicine by crossing hDPP4 homozygotes with
mDPP4 homozygotes.

Mouse genotyping and human and mouse DPP4 quantification by TagMan assay. Eight- to
12-week-old C57/B6 mice were genotyped using the Extract-N-Amp Tissue PCR kit (Sigma-Aldrich) on tail
clips according to the manufacturers’ instructions. PCR for both mDPP4 and hDPP4 was performed using
a common forward primer (CTGGCTTAGATCTCTGGCGT), an mDPP4 reverse primer (ATTGGCACGGTGAT
GATGGTG), and an hDPP4 reverse primer (TAAGACGGAGCCTGACCTGA). PCR products were run on a 1%
agarose gel and assigned as wild type for mDPP4 expression (hDPP4~/") or as heterozygote (hDPP4+/~)
or homozygote (hDPP4*/*) for hDPP4 expression based on band migration.

Eight- to 12-week-old C57/B6 mice were euthanized using isoflurane (Butler Animal Health Supply),
and the following organs were harvested: brain, heart, intestine (small), lung, liver, kidney, and spleen.
Blood was obtained by dissection of the aorta in the thoracic cavity, allowing the blood to pool in the
thoracic cavity, and removed by pipette.

All organs were homogenized in TRIzol reagent (Ambion) using 1.0-mm glass beads (Sigma-Aldrich)
and a MagNA lyser (Roche). RNA was extracted using Direct-zol RNA miniprep (Zymo Research) according
to the manufacturer’s instructions. Human and mouse DPP4 mRNA expression was quantified using the
Fast 1-step PCR mix (Life Technologies) according to the manufacturer’s instructions with specific
TagMan gene expression assays for hDPP4 and mDPP4 (Applied Biosystems).

Threshold cycle (C;) values were assessed and analyzed using a 7500 Fast Dx PCR instrument (Applied
Biosystems), and relative DPP4 expression levels were determined using the AAC; method, comparing to
hDPP4+/* for mDPP4 expression and hDPP4~/~ for hDPP4 expression.

Mouse infections. Eight- to 12-week-old C57/B6 mice heterozygote for hDPP4 (hDPP4+/~) were
used in all MERS-CoV infection experiments. Prior to intranasal inoculation, mice were anesthetized by
intraperitoneal injection using a mix of xylazine (0.38 mg/mouse) and ketamine (1.3 mg/mouse) diluted
in PBS to make a total volume of 50 ul per mouse. Once anesthetized, mice were intranasally inoculated
with PBS or 2.5 X 102 PFU, 2.5 X 103 PFU, or 2.5 X 10% PFU of MERS-CoV(Jordan) diluted into PBS for
a 50-ul total inoculum. During the experiments, mice were weighed on the day of infection and every
day of the experiment to assess MERS-CoV-induced weight loss.

At noted time points postinfection, or when mice reached =80% of their starting body weight, mice
were euthanized using isoflurane (Butler Animal Health Supply). Lungs and, for some experiments,
kidneys, brains, blood, and liver were harvested for analysis of MERS-CoV replication and pathology.

MERS-CoV quantification. For live MERS-CoV titers, organs from infected mice where homogenized
in PBS (Quality Biological Inc.) using 1.0-mm glass beads (Sigma-Aldrich) and a beadruptor (Omni
International Inc.). MERS-CoV titers in PFU per milliliter were determined by plaque assay as previously
described (31) and then converted to PFU/gram of lung based on the mass of the harvested lung.

For MERS-CoV genomic RNA and M mRNA quantification, organs from infected mice were homog-
enized in TRIzol reagent (Ambion) using 1.0-mm glass beads (Sigma-Aldrich) and a beadruptor (Omni
International Inc.). RNA was extracted using the Direct-zol RNA miniprep kit (Zymo Research) according
to the manufacturer’s instructions. Levels of MERS-CoV genomic RNA and M mRNA were determined
using the Fast 1-step PCR mix (Life Technologies) according to the manufacturer’s instructions with
previously described specific primers and probes targeting UpE for MERS-CoV genomic RNA and the
membrane (M) protein mRNA (Life Technologies [31]). Mouse transferrin receptor protein 1 (TFRC) was
used as the endogenous control and was detected using the following primers and probe: forward
primer, ATGACGTTGAATTGAACCTGGACTA; reverse primer, GTCTCCACGAGCGGAATACAG; probe, ABY-A
TCAGGGATATGGGTCTAAGTCTACAGTGG-QSY. C; values were determined using a 7500 Fast Dx PCR
instrument (Applied Biosystems), and relative MERS-CoV mRNA expression levels were determined using
the AAC; method with comparison to mock-infected controls. All AAC; values of <1 were corrected to
equal 1.

Histology. Paraformaldehyde-fixed lungs were embedded in paraffin and sectioned before hema-
toxylin and eosin (H&E) staining by the Pathology Electron Microscopy and Histology Laboratory at the
University of Maryland School of Medicine. Slides were blindly scored for pathological signs of disease
on a scale of 0 to 5 by Sarah Beck at the Department of Molecular and Comparative Pathobiology, Johns
Hopkins School of Medicine. Scored categories are for bronchiolar inflammation, perivascular inflamma-
tion, edema, eosinophils, neutrophils, macrophages, lymphocytes, pleuritis, and epithelial necrosis. The
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overall inflammation score is based on bronchiolar inflammation, perivascular inflammation, and inter-
stitial inflammatory response. Scores were then averaged, rounded to the nearest whole number, and
then assigned a rating as low/none (0 or 1; indicated as +), medium (2 or 3; ++), or high (4 or 5; +++).

Inflammatory cytokine and receptor PCR arrays. Levels of expression of inflammatory cytokines
and receptors were assessed using the mouse inflammatory cytokines and receptors RT? profiler
PCR array (Qiagen) according to the manufacturer’s instructions. C; values in reactions were assessed
using a 7500 Fast Dx PCR instrument (Applied Biosystems) and analyzed using RT? profiler PCR array
online analysis software (SABiosciences).

Flow cytometry. hDPP4-expressing mice were infected with 2.5 X 10* PFU MERS-CoV(Jordan), and
lungs were harvested for flow cytometry at 2, 4, and 7 days postinfection. Lungs from infected mice were
dissociated using a mouse lung dissociation kit, gentleMACS tubes, and the gentleMACS dissociator (all
from Miltenyi Biotec) according to the manufacturer’s instructions. Red blood cells were removed using
ammonium-chloride-potassium lysis buffer (ACK; Quality Biological) according to the manufacturer’s
instructions. Cells were then washed once in flow cytometry buffer (PBS supplemented with 2% FBS,
0.1% sodium azide, and 2 mM EDTA) and resuspended in F. blocking buffer (flow cytometry buffer
containing Mouse Fc Block [Beckton Dickinson]). Following one wash in flow cytometry buffer, cells were
stained with antibodies to CD3e (clone number 145-2C11; BioLegend), CD4 (clone number GK1.1; BD
Biosciences), CD8« (clone number 53-6.7; BD Pharmingen), CD11b (clone number M1/70; BioLegend),
CD11c (clone number N418; Tonbo Biosciences), CD19 (clone number 6D5; BioLegend), CD45R (B220;
clone number RA3-6B2; BD Pharmingen), CD49b (clone number DX5; BioLegend), F4/80 (clone number
BMS; BioLegend), major histocompatibility complex class Il (MHC-II; clone number M5/114.15.2; BiolLeg-
end), CD193 (clone number JO73ES5; Biolegend), CD200R3 (clone number Bal3; Biolegend), FceRla (clone
number MAR-1; Biolegend), Ly6G (clone number RB6-8C5; eBiosciences), or NK1.1 (clone number PK13.6;
BD Biosciences). Following staining, cells were fixed in 4% methanol-free paraformaldehyde (Thermo
Scientific) overnight and then were pelleted, resuspended in PBS, and analyzed on an LSR Il flow
cytometer (Beckton Dickinson); data were analyzed using FlowJo analysis software (FlowJo LLC). Splenic
cells from mock-infected controls were stained and used to set flow cytometry compensation levels.

Based on staining characteristics, individual cell populations were identified as B cells (CD3¢~ CD19+
B220"), natural killer (NK) cells (CD3e~ CD49b* NK1.1+), T cells (CD3e* CD4™ for T helper cells or CD3g*
CD8a+ for cytotoxic T cells), dendritic cells (DCs; CD11c* MHCII*), macrophages (CD11b* F4/80*
MHC-I1*), basophils (FceRla* CD200R3"), eosinophils (F4/80+ CD193+), or neutrophils (CD11b* Ly6G™).

Splenocytes from hDPP4~/~, hDPP4*/~, or hDPP4*/* mice were stained for DPP4 using antibodies
to mDPP4 (clone number 155202; R&D Systems) and hDPP4 (clone number 2A6; eBiosciences). DPP4
staining was assessed using an Amnis Flowsight Imaging flow cytometer (Millipore).

Immune cell depletions. T helper cells and cytotoxic T cells were depleted from mice by intraper-
itoneal (i.p.) injection of 100 ul of PBS containing 30 ug CD4 antibody (rat IgG2b clone number GK1.5;
eBiosciences) or 40 png CD8« antibody (rat IgG2a clone number 53-6.7; eBiosciences), respectively, or
with PBS containing 40 ng 1gG2a (clone number eBR2a; eBiosciences) or 30 ug IgG2b (clone number
eB149/10H5; eBiosciences) isotype controls (32).

Macrophages were depleted from the lungs of mice using liposomes containing clodronate (33).
Mice were anesthetized by intraperitoneal injection using a mixture of xylazine (0.38 mg/mouse) and
ketamine (1.3 mg/mouse) diluted in PBS to make a total volume of 50 ul per mouse. Once anesthetized,
mice were intranasally inoculated with 50 ul of PBS or clodronate-containing liposomes (both from
ClodronateLiposomes).

We achieved a specific =90% reduction in splenic CD4* or CD8* T cells and a =75% reduction of
lung macrophages, with no reduction in lung dendritic cells, out to 3 days posttreatment. Therefore, mice
were depleted of T cells, macrophages, or relevant controls at day 1 preinfection, day 2 postinfection, and
day 5 postinfection in order to maintain the depletions for the whole time course of infection.

Mice were infected with 2.5 X 10* PFU MERS-CoV(Jordan) and monitored for weight loss. Lungs were
harvested at day 4 or day 7 postinfection for histology, titer by plaque assay, or RNA extraction.

RNA preparation, RNA sequencing read mapping, and differential expression analysis. C57B6/
hDPP4 mice were inoculated with 2.5 X 10* PFU of MERS-CoV(Jordan) or PBS, and lungs were harvested
at days 2, 4, or 7 postinfection. Total RNA was purified using the MagMAX-96 for Microarrays Total RNA
Isolation kit (Ambion) according to the manufacturer’s instructions, in which genomic DNA was removed
using MagMAXTurboDNase buffer and Turbo DNase. mRNA was purified from total RNA using the
Dynabeads mRNA purification kit (Invitrogen) according to the manufacturer’s instructions. Strand-
specific RNA sequencing (RNA-Seq) libraries were prepared using the ScriptSeq mRNA-Seq Library
Preparation kit (Epicentre). Twelve-cycle PCR was performed to amplify libraries. Sequencing was
performed on an lllumina HiSeq2000 instrument by a multiplexed, single-read run with 33 cycles. Raw
sequence data (BCL files) were converted to Fastq format via lllumina Casava 1.8.2. Reads were decoded based
on their barcodes, and read quality was evaluated using Fastqc (www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Reads were mapped to the mouse transcriptome (GRCm38 with NCBI annotation
release 104), and reads mapping to sense strand exons were summed at the gene level using the
RNA-Seq workflow of CLC Genomics Server version 6.0 (Qiagen) as described previously (34).

Genes differentially expressed between MERS-CoV-infected and mock-infected lungs were obtained
using DeSeq 1.6 (35). A gene was considered regulated in a particular comparison if the P value from
DeSeq was less than 0.01 and if the mean expression increased or decreased by at least 50%. For the
latter, means were calculated after upper quartile normalization of the raw gene counts. The set of all
genes regulated this way is termed a gene expression signature and is used in NextBio analysis.
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Statistics. Data for TagMan assays, MERS-CoV quantitation, and flow cytometry analyses are pre-

sented as means = standard errors of the means (SEM) and were analyzed using a Student t test or
two-way analysis of variance (ANOVA) with a Bonferroni posttest, as appropriate. Statistical significance
was obtained when P values were <0.05.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JVI.01825-16.
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